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Abstract 
Thermodynamic characteristics are of great importance for the performance of a high-temperature flow-rate control valve, as 
high-temperature environment may bring problems, such as blocking of spool and increasing of leakage, to the valve. In this 
paper, a high-temperature flow-rate control valve, pilot-controlled by a pneumatic servo system is developed to control the fuel 
supply for scramjet engines. After introducing the construction and working principle, the thermodynamic mathematical models 
of the valve are built based on the heat transfer methods inside the valve. By using different boundary conditions, different 
methods of simulations are carried out and compared. The steady-state and transient temperature field distribution inside the 
valve body are predicted and temperatures at five interested points are measured. By comparing the simulation and experimental 
results, a reasonable 3D finite element analysis method is suggested to predict the thermodynamic characteristics of the 
high-temperature flow-rate control valve. 
Keywords: thermodynamic characteristics; flow-rate control valve; scramjet engines; fuel supply 
1. Introduction1 
Nowadays, the scramjet engine is one of the most 
important propulsion technologies in aeronautics and 
astronautics [1-2]. Fuel supply regulating characteristics 
can greatly improve the combustion efficiency and 
working property of scramjet engines [3-4]. As the fuel 
is used to cool down the surface of engine, the tem-
perature of fuel supply can reach as high as 600 C 
before the fuel is supplied to the combustion chamber. 
The flow-rate control valves which can work properly 
at high temperature are necessary for the fuel-supply 
system of aerospace engines [5-7]. High- temperature 
environment may bring problems to a nor-
mal-temperature flow-rate control valve, for example, 
increased leakage or friction between the spool and 
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sleeve or valve body due to the asymmetric thermal 
expansion inside the valve [8-9]. Even for the servo 
valve, it can control the flow-rate accurately at the 
temperature lower than 120 C, but its flow-rate con-
trol accuracy is greatly influenced as the working tem-
perature increases. Worse still, the structure of the 
servo valve will be destroyed if it works at high tem-
perature for a long time. Therefore, it is quite urgent to 
design a flow-rate control valve which can work steady 
at high temperature, and the thermodynamic character-
istics are of great importance in the design of 
high-temperature flow-rate control valve. 
In the field of thermodynamic characteristic analysis, 
temperature distribution analysis is necessary for the 
investigation of thermal stress and thermal strain. 
There are several kinds of boundary conditions to be 
considered in simulating the temperature distribution, 
such as constant temperature, heat conduction, heat 
convection and radiation [10]. Sakhuja and Brevick [11] 
used the heat conduction method to analyze the tem-
perature distribution during the founding process of a 
copper rotor. Lee and Kim [12] applied the inverse heat Open access under CC BY-NC-ND license.
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conduction method to analyze the thermal property of a 
liquid-petroleum-liquid injection engine piston. But for 
the heat convection and radiation, more and more re-
searchers began to use the multi-field coupling method 
since the coefficients of the boundary conditions are 
difficult to be calculated. With the software of ANSYS, 
the multi-field coupling method used to analyzing 
temperature distribution can be realized on this plat-
form. For example, Gao, et al. [13] tried coupling 
method of heat and flow to analyze the unsteady-state 
temperature distribution in the turbine rotor based on 
ANSYS simulation. Fite, et al. [14] chose the thermal 
analysis module of ANSYS to solve the heat convec-
tion problems in welding. Curran and Murthy [15] ap-
plied coupling of heat and flow to predict external 
flow-field and temperature in internally cooled 3D tur-
bine blade material. The other thermodynamic charac-
teristics, such as thermal strain and thermal stress, can 
be simulated with the multi-field coupling method si-
multaneously. Manohar and Shirish [16] calculated the 
thermal stress inside a high-temperature furnace with 
coupling method of heat and structure. Mann and 
Braham [17] tried coupling method of fluid-structure 
interaction to simulate the high-temperature friction 
and wear characteristics of various coating materials 
for steam valve spindle application. However, com-
pared with the method of considering boundary condi-
tions, the calculation of multi-field coupling method is 
much more complicated and time-consuming in simu-
lation [18-20].  
In this paper, a high-temperature flow-rate control 
valve, pilot-controlled by a high pressure pneumatic 
servo system, is developed and its thermodynamic 
characteristics are investigated. To carry out the   
simulation, a suitable method which uses the 3D finite 
element analysis is constructed and the boundary con-
ditions are considered. Three types of boundary condi-
tions are tried on the valve, which are constant tem-
perature, forced convention and natural convection. 
The thermodynamic characteristics of the valve are 
simulated and the temperatures of five interested points 
of the valve are tested. 
2. Construction and Working Principle 
The flow-rate control valve developed in this paper, 
to control the high-temperature fuel supply for scramjet 
engines, mainly consists of a valve body, a spool, a 
bellow, a bellow holder and a valve cover, as shown in 
Fig. 1. The bellow separates the high-temperature fuel 
from the pilot-control air and works as a spring [21]. 
The high-temperature fuel flows into the valve through 
the restriction between the spool and the valve body. 
The spool of the valve moves forward and backward 
straightly with the support of the bellow holder. The 
opening of the valve is adjusted by the movement of 
the spool [22]. 
If the pressure drop over the restriction between the 
spool and valve body is constant, the flow rate can be 
determined by the cross section area of the restriction. 
The cross section area is adjusted by the displacement 
of the spool, which is controlled by the pressure of the 
compressed pilot-control air in the chamber of the bel-
low. The pilot-control pressure pc is controlled by a 
high-pressure pneumatic servo system. Therefore, by 
regulating pc, the flow rate of the high-temperature 
valve can be controlled accurately. 
 
Fig. 1  Construction of flow-rate control valve. 
3. Thermodynamic Mathematical Models 
3.1. Heat transfer methods 
For the heat transfer problem of the high-tempera-
ture flow-rate control valve, heat is transferred among 
the fuel, valve elements, the compressed control air and 
the ambient air. Inside a single valve element or be-
tween two connected valve elements, the heat transfer 
method is mainly the heat conduction. Between the 
supplied fuel or compressed control air or ambient air 
around the valve body and the valve elements, the 
method of heat transfer is heat convection. As 
high-temperature fuel passes through the valve at high 
speed, the heat transfer between the fuel and the valve 
elements is regarded as forced heat convection. The 
heat transfer between the compressed control air or 
ambient air and the valve body is regarded as natural 
heat convection. The valve elements are designated as 
the solid domain. The fuel and compressed air are des-
ignated as the fluid domain. Thermodynamic charac-
teristics in the solid domain are the interests of this 
paper, which mainly considers the heat conduction and 
heat convection methods. The heat radiation from the 
valve to the environment can be neglected [23-24]. 
3.2. Thermodynamic models 
Heat conduction is applied to the heat transferred in-
side a single valve element or through the contact sur-
faces between two solid parts [25]. The 3D mathematical 
model for the heat conduction inside the flow-rate con-
trol valve can be described as 
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where  is the heat conductivity coefficient of a mate-
rial, Q the heat generated in a unit volume, and T the 
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temperature inside a material. If there is not any heat 
source inside the valve, the 3D heat conduction model 
for the valve can be described in cylindrical coordinate 
as  
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where , c and k are the material’s density, specific 
heat capacity and heat transfer coefficient. In order to 
build the thermodynamic mathematical model for the 
interface between the fluid and solid domain, the con-
vection heat flux qc through a thermal layer has been 
applied. Therefore, the forced heat convection at the 
fluid-solid interface can be calculated [26-27]. The con-
vection heat flux can be described as 
 c c w f( )q h T T   (3) 
where Tw equals the temperature of solid on one side of 
the fluid-solid interface, Tf
 
equals the temperature of 
fluid on the other side of the fluid-solid interface, hc is 
the coefficient of heat convection which determines the 
intensity of heat transfer between the flowing fuel and 
the solid boundaries [28]. It can be described as 
 fch Nd 

  (4) 
wheref is the thermal conductivity coefficient of 
fluid, d the equal diameter of fluid pipe, and N a spe-
cial coefficient with no dimension and can be described 
as 
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where Re is the Reynolds number, and Pr the standard 
coefficient of Prandtl number which represents the 
physical property of the flow field. Re and Pr can be 
described as 
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where f is the density of fluid,  the kinetic viscosity 
of fluid, u the velocity of fluid, l the equivalent length 
and cp the specific heat capacity of fluid. 
4. Simulation of Thermodynamic Characteristics 
The thermodynamic analysis of high-temperature 
flow-rate control valve is carried out by using the finite 
element analysis method with ANSYS software. In 
order to simplify the geometry model of the valve, 
some elements, such as the screws and sealing have 
been ignored. The geometry model of the valve is con-
structed in the ANSYS software and meshed directly 
by using the thermal-solid elements. 
4.1. Geometry model and simulation parameters 
There are five points on the valve whose tempera-
tures are especially interested in, as shown in Fig. 2. 
The five interested temperatures are the temperatures 
of fuel inlet and outlet, temperature at the surface 
where the valve body will be installed, temperature of 
the surface where the displacement transducer will be 
installed and temperature near the inlet of the control 
air. The working fuel of the scramjet engine is kero-
sene and its working temperature is 400 C. The initial 
temperature of the valve body is assumed as 20 C and 
it is the same as the ambient temperature. The material 
of the valve elements is steel and some of its properties 
at different temperatures are shown in Table 1.  
 
Fig. 2  Geometry model and interested points of the valve. 
Table 1  Properties of valve element material at different 
temperatures 
T/ć 20 300 500 
C/(J·kg1·°C1) 450 562 642 
/(W·m1·K1) 50 43 38 
/(kg·m3) 7 800 7 800 7 800 
4.2. Boundary conditions 
During the simulation, the boundaries of the valve 
cover and bellow which contact the pilot-control com-
pressed air or ambient air are assumed as the natu-
ral-convection condition [21-22]. For the surfaces of the 
valve body and bellow which are exposed to the 
high-temperature fuel, two types of boundary condi-
tions are tried in this paper. One type is the constant 
temperature 400 °C. The other is the forced convention. 
For the natural-convection condition, according to the 
Eq. (6), the Reynold number is 4 000 and the Prandtl 
number is 0.75. It can be calculated that the convection 
coefficient hc for the pilot-control compressed air and 
ambient air is the same and equals to 10.07 W/(m2·°C) 
For the forced-convection condition, according to   
Eq. (6), the Reynold number is 53 000 and the Prandtl 
number is 0.75. It can be calculated that the convection 
coefficient hc of the working fuel is 101.34 W/(m
2·°C). 
4.3. Simulation results 
By using the two types of boundary conditions 
above, both the steady and the transient temperature 
distributions of the valve are analyzed. The simulation 
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results of the steady temperature distribution are shown 
in Fig. 3. From the steady temperature distribution, for 
the constant temperature boundary condition, when the 
valve reaches its thermal steady state, the lowest tem-
perature inside the valve is about 388 °C and the high-
est temperature of the valve is about 400 °C, with only 
12 °C difference between them. However, for the 
forced convection boundary condition, when the valve 
reaches its thermal steady state, the lowest temperature 
of the valve is 300 °C and the highest temperature of 
the valve is 363 °C, with more than 60 °C difference 
between them. 
 
Fig. 3  Steady temperature distribution. 
The transient processes of temperature distribution 
on the five interested points are shown in Fig. 4. From 
the transient process, for the constant temperature  
 
 
Fig. 4  Transient process of temperature distribution on the 
five interested points. 
boundary condition, it can be seen that during the first 
200 s the temperature of the five interested points in-
creases rapidly, and the temperature distribution nearly 
reaches its steady state within 300 s. However, for the 
forced convection boundary condition, it can be seen 
that during the first 800 s the temperature of the valve 
increases rapidly, and the temperature distribution 
nearly reaches its steady state at about 1 800 s. 
5. Measurement of Temperature Distribution 
5.1. Experimental system 
An experimental system is set up to test the tem-
perature distribution of the flow-rate control valve, as 
shown in Fig. 5. It mainly consists of two subsystems, 
the fuel supply system and the compressed air pi-
lot-control system. Some pictures of the experimental 
system are shown in Fig. 6 and the real structure of 
flow-rate control valve is shown in Fig. 7. The fuel 
supply system mainly supplies the working fuel to the 
valve under different conditions and heats the fuel to 
 
Note: 1üOil sources; 2, 6, 12üPressure gauges; 3üFlow-rate control 
valve; 4üDisplacement sensor; 5üFlow rate sensor; 7üRelief valve; 
8üWaste fuel container; 9üPressure sensor; 10üServo valve; 11ü
Filter; 13üPressure-reducing valve; 14üAir container 
Fig. 5  Experimental circuit of flow-rate control valve. 
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Fig. 6  Pictures of experimental system 
 
Fig. 7  Real structure of flow-rate control valve. 
the required temperature. The control system consists 
of a compressed air container, a pressure reducing 
valve, a servo valve and some auxiliary elements. It 
controls the pressure pc of compressed air. When the 
fuel supply system works, the fuel is stored in an oil 
tank and pushed out by the compressed air from an air 
container. In this way, the supply pressure of the fuel 
can be kept stable. The flow-rate range of the high- 
temperature valve is from 10 mL/min to 100 mL/min, 
and the temperature of the working fuel is 400 C. In 
this experiment, the flow rate of the working fuel is 
controlled at 100 mL/min by regulating the opening of 
the flow-rate control valve. 
The transient temperatures of the five interested 
points are tested in this experiment. They are measured 
by the thermocouples and collected by an acquisition 
board. The experimental results of five interested 
points are shown in Fig. 8. 
 
Fig. 8  Tested temperatures of five interested points. 
From Fig. 8, it can be seen that during the first 600 s, 
the temperatures at the five points on the valve increase 
rapidly. At about 1 700 s, the differences of tempera-
ture between the five key points get steady. When the 
temperature distribution inside the valve reaches its. 
steady state, the lowest temperature of the five points is 
290 °C and the highest temperature of the five points is 
390 °C, with about 100 °C difference between them. 
5.2. Comparison between the simulation and exper-
imental results 
For the simulation with the boundary conditions of 
constant temperature at the valve body surface exposed 
to the high temperature fuel, when the predicted tem-
perature distribution reaches its steady state, the tem-
perature difference between the working fuel and the 
lowest temperature point on the valve is only 12 °C. 
The predicted transient process is about 300 s. For the 
simulation with the boundary conditions of forced 
convection at the valve body surface exposed to the 
high temperature fuel, when the predicted temperature 
distribution reaches its steady state, the temperature 
difference between the working fuel and the lowest 
temperature point is about 100 °C. The predicted tran-
sient process is about 1 800 s. Compared with the ex-
perimental results, it can be seen that the predicted re-
sults of the temperature distribution agree well with the 
experimental results when the boundary condition at 
the fuel-valve body interface is assumed to be the 
forced convection. Therefore, the boundary conditions 
of forced convection are considered to be more rea-
sonable than the boundary conditions of constant tem-
perature. 
However, there is still difference between the simu-
lation and experimental results, especially the differ-
ence of temperature at the five interested points. One 
reason for the difference is the accuracy of the tem-
perature measured by the temperature sensors. The 
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other reason is the setting of the boundary conditions 
when the thermodynamic model is built. The prediction 
may be more accurate if the multi-field coupling be-
tween heat transfer and fluid dynamics is considered. 
6. Conclusions 
1) Thermodynamic mathematical models with two 
different kinds of boundary conditions are constructed 
to simulate temperature distribution of the high-tem-
perature flow-rate control valve for the fuel supply of 
scramjet engines. By comparing the simulation and 
experimental results, it can be seen that for the ther-
modynamic prediction of the valve, the simulation with 
the boundary condition of forced convection at the 
fuel-valve body interface is more reasonable than the 
simulation with the boundary condition of constant 
temperature at the fuel-valve body interface.  
2) Based on the temperature distribution, thermal 
stress and thermal strain of the high-temperature flow- 
rate control valve can be further calculated in simula-
tion and investigated by experiments. 
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